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We present zoom-in simulations of fuzzy dark matter (FDM) halos including baryons and star-
formation with sufficient resolution to follow the formation and evolution of central solitons. We find
that their properties are determined by the local dark matter velocity dispersion in the combined
dark matter-baryon gravitational potential. This motivates a simple prescription to estimate the
radial density profiles of FDM cores in the presence of baryons. As cores become more massive and
compact if baryons are included, galactic rotation curve measurements are likely harder to reconcile
with FDM.
Ultralight scalar field models for dark matter [1, 2],
also called fuzzy dark matter (FDM) [3], are phenomeno-
logically interesting due to interference effects on length
scales comparable to the de Broglie wavelength. If the
scalar field mass is around 10−22 eV, one expects devi-
ations from cold dark matter (CDM) on galactic scales
while CDM predictions for cosmological large-scale struc-
tures are largely unaltered [3–5]. Possible candidates
for FDM are axion-like particles generically produced in
string theories [4, 6].
Detailed insight into the structure formed by FDM in
the nonlinear regime can only be gained by numerical
simulations. Cosmological dark-matter-only simulations
solving the Schro¨dinger-Poisson (SP) equation show the
formation of FDM halos with fluctuating interference
patterns on scales of the de Broglie wavelength [7–9].
Their cores consist of solitonic objects (Bose stars) whose
attractive gravitational force is balanced by the repulsive
effect of the scalar field gradient. Unlike the surrounding
density peaks, it forms a coherent bound structure that
remains stable apart from pulsating oscillations [9]. Ref.
[8] empirically found a scaling relation between the mass
of a FDM halo Mvir and the mass of its central soliton
Msol scaling as Msol ∼ M1/3vir . This relation heuristically
follows from the equality of the spatial size of the soliton
and the typical de Broglie wavelength of the host halo
[9, 10] and can be explained by the saturation of mass
growth by Bose-Einstein condensation [11].
The presence of solitonic cores together with their
core-halo mass relation defines the central dark matter
distribution in FDM halos. Consequently, stellar kine-
matic data of dark matter dominated dwarf spheroidal
and ultra-diffuse galaxies favour a specific value for the
scalar field mass, which is typically around m ∼ 10−22
eV [8, 12–17]. This value is in conflict with Lyman-α for-
est observations constraining the field mass to roughly
m > 10−21 eV [18–21]. Less stringent constraints can be
inferred from the high-z galaxy luminosity function [22–
26]. Galaxies with measured rotation curves yield even
lower masses than inferred from dwarf spheroidals [27] or
at least exclude the typical value m ∼ 10−22 eV [28, 29].
In general, the scaling properties of solitons seem to dis-
agree with observational data [30, 31].
Most of the constraints on FDM cores so far rely on the
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FIG. 1. Density volume rendering of the central region of halo
1 at z = 4.4.
core-halo relation derived from dark matter-only simula-
tions. The effects of stars and supermassive black holes
have been investigated analytically or in simplified nu-
merical settings [28, 32–35]. In this letter, we present
first results from simulations of galaxy formation with
FDM together with standard prescriptions for hydrody-
namics and star formation. Compared to similar simu-
lations recently reported in Ref. [36], we use a zoom-in
technique to focus on smaller volumes and higher spatial
resolution in order to explore the properties of solitonic
cores in the presence of baryons for the first time. We
specifically address the following questions: does a core
still form in the presence of baryons and if it does, what
determines its properties?
Methods We use the modified version of the public
adaptive-mesh refinement (AMR) code Enzo [37] de-
scribed in [9] for dark matter-only simulations. It em-
ploys a hybrid approach to solve the SP equation gov-
erning the dynamics of FDM,
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10 M] Mbarsol /M
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sol Mtot/Mdm vsol [km/s] vc [km/s] vo [km/s]
1 4.0 1.05 2.08 3.81 136 138 70
2 4.4 1.25 3.00 3.07 159 147 77
TABLE I. Final values for redshift, virial mass, ratio of the soliton mass with baryons to the soliton mass without baryons
given by the smoothed curve in Fig. 5, ratio of total mass to dark matter mass within two times the half-density radius of the
dark matter profile (2 r1/2) and velocities shown in Fig. 4 (soliton, central, outer) for both halos. All values are taken from the
FDM runs with baryonic physics included if not stated otherwise.
using a finite difference scheme for Ψ on the finest AMR
level while approximating the dynamics as a collisionless
fluid on coarser levels with N-body particles.
Here, we extend the simulations reported in [9] by ad-
ditionally including baryonic physics as implemented into
Enzo. The total density ρtot with global average ρ¯tot en-
tering on the right hand-side of the Poisson equation is
then given by
ρtot = |Ψ|2 + ρgas + ρstars
with individual contributions from FDM, gas and stars
respectively. The hydrodynamic equations are integrated
by the Zeus solver [38] on the same AMR grid hierar-
chy as dark matter. We include non-equilibrium cooling
solving the rate equations for H, H+, He, He+, He++
and equilibrium cooling for metals using a lookup ta-
ble from [39] assuming solar abundances. We adopt a
uniform metagalactic UV background computed in [40]
which is gradually ramped up from zero at z = 7.00 to full
strength at z = 6.75. For modelling star formation, we
use the algorithm from [41] adapted to Enzo as desribed
in [37]. Stars form according to the standard criteria and
delayed cooling is used to prevent artificial overcooling
(see Appendix A).
Our simulations use the same numerical and cosmolog-
ical parameters as in [9] apart from changes related to the
inclusion of baryons, i.e. h = 0.7, ΩΛ = 0.75, Ωm = 0.25,
Ωb = 0.05, and the scalar field mass m = 2.5 × 10−22
eV. They start at a redshift of z = 60 from initial con-
ditions generated by Music [42] with dark matter and
baryon transfer functions computed by AxionCamb [43].
With a total physical box size of 2.5 Mpc/h covered by
a root grid of 5123 cells and five additional refinement
levels (two of them initial and static and three follow-
ing the selected halo), we reach a comoving resolution of
∆x = 218 pc in the region of the selected halo.
The following analysis is based on multiple simulations
of two halos, chosen in low-resolution CDM simulations
and re-simulated with grids of higher resolution centered
on the halo. For each halo, three high-resolution runs are
conducted: (1) collisionless N-body dynamics appropri-
ate for CDM including baryonic physics, (2) FDM with-
out baryons as in [9], and (3) a full FDM simulation
including baryonic physics. Ionizing background radia-
tion prevents gas accretion in halos below Mvir ≈ 109
M [44, 45], hence more massive halos with virial masses
of Mvir ' 1010 M were selected. For the purposes of
studying the gravitational impact of baryonic physics on
the formation of the solitonic FDM core, the initial phase
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FIG. 2. Radial dark matter density profiles of halo 1 in all
three runs at three different redshifts. The inner profile of the
FDM run with baryons matches the modified FDM ground
state solution (red dashed line) instead of the dark matter-
only ground state solution (black dashed line). Also shown is
the gas density profile of the FDM run with baryons.
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FIG. 3. Slices of dark matter density with and without
baryons at z = 4.0.
of gas cooling and supernova feedback until the gas has
reached quasi-hydrostatic equilibrium is most relevant.
The simulations were therefore terminated at a redshift
of z ' 4, allowing proper spatial resolution of the soliton
until the end.
The parameters characterizing both halos are summa-
rized in Table I.
Results The selected halos virialize at z ≈ 6 and grad-
ually grow without mergers to their final virial mass of
Mvir ' 1010 M at zf ' 4. Below we focus on the first
halo as the second one yields comparable results.
At zf , the total stellar mass of halo 1 is M∗ = 1.5×106
M and M∗ = 7.1 × 106 M in the FDM and CDM
runs, respectively. The difference of more than a factor of
four is caused by different numerical timesteps affecting
the star formation rate via the star-formation subgrid-
scale model Eq. (A1). Given the statistical nature of
the problem, a quantitative comparison of star formation
histories in CDM and FDM scenarios would require a
large number of halos followed across the peak of their
star-forming activity. Studying the formation of solitonic
cores in the presence of baryons, which is the focus of this
work, mainly requires feedback in order to avoid runaway
cooling and doesn’t depend on the exact amount of star
formation.
Fig. 2 compares radial density profiles of halo 1 at dif-
ferent redshifts. The gas density profiles of the CDM and
FDM runs do not differ significantly in the central region
for z . 5.4. The earliest redshift z = 5.6 corresponds
roughly to the time when the gaseous component has
cooled and collapsed allowing star formation in the cen-
ter. At this time, the CDM run exhibits the highest cen-
tral dark matter density with a cuspy profile, while the
FDM runs show cores with relatively large radii in agree-
ment with the core-halo mass relation, Msol ∼ M−1/3vir
[8].
At z = 4.0, the FDM central density is more than one
order of magnitude higher with baryons than without,
exceeding the central dark matter density in the CDM
run. Comparing slices of the FDM density fields with and
without baryons, Fig. 3 confirms the more compact core
in the former. It is surrounded by granular structures
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FIG. 4. Redshift evolution of velocity dispersion in the soli-
ton (only in the runs with FDM), its local environment, and
further outside at xvir/2 in the three different runs (see Ap-
pendix C). Data points are smoothed with a Gaussian filter
with standard deviation of σz = 0.08 in redshift space.
with similar spatial extent. This result agrees with Ref.
[32] who found that the addition of stars to an FDM halo
leads to a more prominent core. As in [32], we observe
a deviation of the core density profile from the soliton
solution in the vacuum.
The density profile of the dark matter core with
baryons is well described by a ground state solution of
the SP equation taking into account the additional gravi-
tational potential sourced by the baryon density. Similar
solitonic solutions with an additional gravitating com-
ponent have been investigated in the context of super-
massive black holes [28, 34] and galactic disks [33]. Our
simulations confirm and extend these results by provid-
ing evidence that modified ground state solutions are ap-
proached dynamically in the presence of baryonic feed-
back (Appendix B).
Ground state solutions of the SP equation are uniquely
determined by their total mass or, alternatively, their
central density ρc. Dark-matter-only simulations show
a relation between the masses of FDM halos and their
solitonic cores which follows from an equilibrium of their
virial temperatures [8, 9, 11, 28].
In order to test whether this temperature correspon-
dence holds in the presence of a baryonic component, we
compare the virial velocity of the simulated cores with the
local dark matter velocity dispersion in their environment
in Fig. 4 (see also Appendix C). Our simulations indeed
verify that the baryonic gravitational potential gives rise
to a radially stratified velocity distribution and confirm
that the velocity dispersion of the soliton (and thus its
virial temperature) closely follows the temperature of its
immediate surrounding. In all runs with baryons, the
central velocity dispersion differs by up to a factor of
two from the velocity dispersion at xvir/2, whereas in
the dark matter only runs, the velocity dispersion in the
center and at the outer radius are similar. The similar-
ity of the CDM and the FDM runs, both with baryons,
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FIG. 5. Evolution of the core mass, defined as the dark
matter mass within λdB/4 from the center, where λdB is the
de Broglie wavelength corresponding to vsol. The lines show
the Gaussian filtered data points with σz = 0.2. The shaded
regions represent the corresponding standard deviations.
suggests that the radial velocity distribution is a generic
result of the accumulation of gas in the center unrelated
to the distinctive features of FDM.
The balance of core and halo velocity dispersions is
accompanied by a growth of the core mass, as illustrated
in Fig. 5. In the presence of baryons, the cores grow by
more than a factor of two. In contrast, there is no clear
sign of mass growth if baryons are absent, confirming
previous results [9].
Previous dark matter-only simulations [9] found that
central solitonic cores are in excited states oscillating
with their quasi-normal frequency [46]
f = 10.94
(
ρc
109Mkpc−3
)1/2
Gyr−1
inversely proportional to the free-fall time of the inner
halo region with central density ρc. If a baryonic com-
ponent is present, the free-fall time depends on the to-
tal density ρtot. Thus, assuming that the proportional-
ity between quasi-normal period and free-fall time holds,
one expects the frequency f to increase by a factor
≈ √ρtot/ρc. As shown in Fig. 6, we indeed find that
the ground state configurations in our FDM simulations
with baryons oscillate with the frequency f multiplied
by the square root of total mass over dark matter mass
within 2 r1/2 averaged over time.
Conclusions Using cosmological hydrodynamical simula-
tions including baryonic feedback, we find that the for-
mation of central solitonic cores remains a robust predic-
tion for FDM halos. The core density profile is deter-
mined by two effects. Firstly, the accumulation of gas
and stars leads to an increased dark matter velocity dis-
persion in the center. This effect is also found in CDM
simulations and not special to FDM. As in the case of
pure dark matter simulations, the velocity dispersion of
the solitonic FDM core follows the ambient dark mat-
ter velocity dispersion. Secondly, taking into account the
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FIG. 6. Top: Evolution of the central density in the FDM
run with baryons. Bottom: Frequency spectrum of the time
series above. The orange-shaded region marks the expected
quasinormal frequency under the influence of baryons. Its
boundaries are computed using the minimum and maximum
central density averaged over several oscillation periods.
gravitational effect of the baryons gives rise to a modi-
fied ground-state solution of the SP equation which de-
termines the core profile up to a single free parameter
(mass or central density). This modified profile has a
different mass-radius relation than a pure FDM soliton
without baryons.
Both effects alter the core-halo mass relation found
in [8], but allow for a simple prescription to predict
FDM core masses in galaxies with non-negligible cen-
tral amounts of baryons: given the baryonic contribution
to the gravitational potential, one solves for the ground
state solution with velocity dispersion matching the ve-
locity dispersion of the inner halo region. In principle,
this was done in [28, 33] but with core velocities fixed
by the core-halo mass relation found in dark-matter-only
simulations [8].
In our simulations, cores become more massive and
more compact if baryons are included. Rotation
curve measurements in galaxies with significant central
amounts of baryons are therefore likely to disfavor FDM
masses around 10−22 eV more strongly than already
found in [28, 29]. It may be fruitful to revisit these con-
straints using the prescription above.
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Appendix A: Modeling star formation and feedback
If in any timestep ∆t a grid cell with side length ∆x
meets the following criteria, it will immediately form a
star particle: (1) overdensity is greater than 100, (2) con-
vergent gas flow, (3) cooling time is less than the dynam-
ical time, (4) the cell is Jeans unstable, (5) the resulting
star particle would have a mass larger than 5000 M.
Mass is transferred from the gas density to the newly
formed star particle according to
m∗ = f∗
∆t
tdyn
ρgas(∆x)
3 , (A1)
where tdyn =
√
3pi/(32Gρtot) is the free-fall time. We
adopt a star formation efficiency of f∗ = 0.01. A star
particle returns SN = 10
−5 of its rest mass energy in the
form of thermal energy to the gas cell it resides in. The
process is distributed over the timescale tdyn evaluated
at its formation.
This thermal-only prescription of stellar feedback is
known to suffer from overcooling if the spatial resolution
is insufficient. Feedback energy is then radiated away
too efficiently, leading to extreme collapse of gas and, in
turn, unrealistically high star formation rates [47]. To
prevent this, we artificially turn off cooling in cells that
receive feedback energy for 50 Myr after the star particle
was formed. This ad-hoc method was shown to achieve
desired results in the sense that catastrophic gas collapse
is prevented and star formation rates drop to realistic
values (see [48] and references therein).
Appendix B: Solitonic solutions with baryonic
gravitational potential
We assume spherical symmetry and approximate the
baryonic density profile by
ρb(r) =
ρb0
1 + (r/rb0)3
(B1)
with the two parameters ρb0 and rb0 chosen to match
the density profile found in the simulations. The ground
state solution is a function Ψ(x, t) = e−iγt/~φ(|x|) with
the lowest energy γ for a given total mass, where φ solves
the following set of ordinary differential equations [28]:
1
r
∂2
∂r2
(rφ(r)) = 2(
m2
~2
V (r)− m
~2
γ)φ(r)
1
r
∂2
∂r2
(rV (r)) = 4piG(|φ|2(r) + ρb(r)) (B2)
Solving Eq. (B2) numerically with the boundary condi-
tions φ(0) =
√
ρc and
∂
∂rφ(0) = 0, we find a unique value
for γ such that φ(∞) = 0 without zero-crossings (see
[46]).
Appendix C: Velocity dispersion of the core and its
local environment
The FDM velocity dispersion is given by
σ2v = 2
K
M
, (C1)
where
M =
∫
d3x|Ψ|2 and
K =
~2
2m2
∫
d3x|∇Ψ|2
are the total mass and kinetic energy of the field Ψ.
To determine the velocity dispersion of the cores, we
integrate M and K to a radius of 2 r1/2, where r1/2 is
defined as the radius where the angular-averaged density
ρ¯(r) has dropped to ρc/2. The result for Eq. (C1) is not
very sensitive to this choice.
Local velocity dispersions in the environment are de-
termined by evaluating Eq. (C1) for the field
Ψ˜(x) = exp
[
− (|x| − fxvir)
2
2Σ2
]
Ψ(x)√
ρ¯(|x|) . (C2)
Dividing Ψ by its angular mean amplitude erases the core
feature but leaves the granular structure in the rest of the
halo intact. The exponential serves as a window function
at different radii, which are expressed here as fractions f
of the virial radius xvir.
We also compute the velocity dispersion of the N-body
particles in the CDM runs. To this end, we multiply the
particle masses with the same window function as above:
σ2v =
Σi exp
[−(|xi| − fxvir)2/(2Σ2)]miv2i
Σi exp [−(|xi| − fxvir)2/(2Σ2)]mi . (C3)
Figure 4 uses f = 0, 0.5 for the inner and outer radius,
respectively. We choose Σ = 0.4 kpc in order to include
several de Broglie wavelengths while staying inside of the
virial radius, xvir ∼ 25 kpc.
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